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ssure (PO2)in the muscle cappillary and by altering this P02 during altitude simulation,
such linearity was demonstrated. Perhaps surprisingly, we found no difference in the PV0O2/
V02 max relationship at altitude according to whether altitude exposure was acute or
chronic. We suggest that: 1) VO max at any altitude is limited by peripheral tissue 0
diffusion between the capillary and the mitochondrion, 2) at any particular altitude, O3
delivery will set the actual V02 max depending on the diffusing capacity of the tissues,
with 0y delivery depending in turn on cardiac output, hemoglobin concentration and

arterial 02 saturation,
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ABSTRACT

. \ - BN ok k)
\\E>Jhax|mum oxygen uptake (Vdgmax) Is often sald to be |Imited by blood 82
transport at sea level and by pulmonary diffusion disequlilibrium at altitude.
Neither of these mechanisms directly addresses the role of peripheral tissue
d;]exfracflon. A retrospective analysls of directly measured mixed venous
Pdé‘(PVdf) durling exerclise at both sea level and simulated altitude In I5
normal subjects revealed that PVdé at VdZmax was very different at sea level
compared to altitude. Whlle even at submaximal workloads PVog‘af altitude
readily fell below 20 torr, even at maximal workloads 1+ remained at or above
20 torr at sea level In spite of a much higher Vozﬁax at sea level.
Moreover, the relationship between Véﬁmax and PVdé was |inear through the
origin In all subjects. On the assumption that at VOZmax' average effluent
muscie caplllary Pdé Is proportional to Pv0,, these data are compatible with
the notion of tissue diffusion IImitation of behax, I%iéAg;%r:fnt Is based
on Fick's Ist law of diffusion further assuming that af~ng;ax{'mlfochondrlal

PO£7l; sufficiently close to zero Yo be neglliglble. Thus, one would predict
Lo Wy

that V0pax Is Ilnearly dependent on the head of pressure (Pd}) in the muscie
capillary and by altering this Pdé\durlng altitude simulation, such linearity
was dngn§frfigg} Perhaps surprisingly, we found no difference In the

(LED tee o "
PVO}/VOfﬁ;x relationship at altitude according to whether altitude exposure
was acute or chronic. We suggest that: 1) VOppay 3t 20y altitude Is limited
by peripheral tissue 0, diffusion between +he caplilary and the
mitochondrion, 2) at any particular altitude, 0, dellvery will set the actual
°°2max depending on the diffusing capacity of the tissues, with 0, dellivery

depending In turn on cardlac output, hemoglobin concentration and arterlal Op




saturation.

Key words: maxlmynfoz consumption
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INTRODUCTION

The steps that result in delivery of environmental 0, to the
mitochondria for energy generation are well-known. Alveolar vent!lation
del ivers 02 to the alveolar blood:gas barrier across which 0, then diffuses
and combines with hemogiobin. Blood contalning 0, Is convected to the

tissues where diffuslonal processes transport 02 from the red cell to the

. Intracellular sites of utilization. For many years there has been Interest
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In how these |inked processes function at+ maximum 05 consumption (v°2max):

and especlally which component might be the rate-limiting step that sets the

upper limit on 902. There seems to be a general consensus that convective

transport to the tissues by blood Is the rate-1Imiting step In man at sea

Lan SN N oo e

level (4,11). However, others have suggested that It Is not any component of
the delfvery system but rather that VOypax |5 the result of maximal
blochemical function of the mitochondrial energy generation system: Even if
more 0, could be supplled, 1t could not be used (9,10). Still others have
suggested a role for the central nervous system, especially at altitude.

This 1s based on observations that at altitude (unllke sea level), muscle

biopsies show little glycogen depletion at v°2max (3).

- - & S & OEEws b T
Wo"(l'u""’ll’ffr‘-"'

The concept of a single rate-|imiting process In determining °°2max ’:
seems dissatisfying, however, at any metabol Ic rate less than that assoclated ) -
with true maximum blochemical utilization of 0y- It seems entirely possible ;;;;{;

,

that at less than full mitochondrial functlon, measured v°2max could be aﬁitf;
""f\ -

ralsed by Increasing the number of 07 molecules dellvered to the muscle per r;ﬁ’d

unit time., This In turn could be achieved by any factors that augment the
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value of muscle 0, del Ivery deflined as the product of muscle bloodflow and

arterial 0, content, Potentlal factors Include increases In bloodflow,
hemogloblin concentration, arterial 0, saturation and 0, partial pressure.
Another phenomenon that seems to have recelved relatively little
attention Is the Inabllity to completely extract 0, from blood, even at
0°2max- Only a few measurements of_femoral venous or mixed venous PO, have
been made at V°2max» and while such P02'5 are low, they are not zero, and may
be substantial. Thus, Pirnay et al. (10) noted that femoral venous PO2 did
not fall below 17 torr while Andersen and Saltin (I) found femoral venous PO;

did not fall below 24 torr (sea level measurements); we found mixed venous

PO, measured at 80-90% of V0ppay and extrapolated to VOymax Was about 20 torr

(16) at sea level,

The key observation that led to the analysis In thls paper is shown In
figure I and pertains to mixed venous PO, at several values of °°2max° This
figure 1llustrates for one normal subject, mixed venous P02 at several values
of Voz, both at sea level and at simulated altitude (PB=347 torr).

Equivalent altitude was 20,000 feet or 6096 m. Note that Pv0, Is much higher
at sea level than at altitude and simultaneously VOymax !S @lSo much higher
at sea level. I|n fact, Pv0, and VOZmax are essentlially linearly reiated to
one another by a |lne through the origin. In addition, VOppax results in
extraction of 0, to different degrees at sea level compared to altitude.
Importantly, extractlion Is not complete at elther altitude. Based on those
observations (confirmed In a total of I5 subjects), we offer the followlng

analysls of how v°2max may be determlned.
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ANALYSIS

Consider a vessel supplylng a small reglon of skeletal muscle. For
purposes of simpliclty we Ignore metabolism: bloodfiow Inequality throughout
the muscle, and further consider all of the 0, leaves the capillary at a
single point spatially. It seems logical that these simpliflcations, used
only for presentation purposes, can be removed |ater without altering the
hypothesis.

The analysls is based on the concept of mass balance between caplllary
0o unloading (Fick principle), and tissue diffusion of 02 from the capiltary
to the mltochondrion, (Fick's first law of diffusion). 02 uptake by Fick

principle Is stated by the well~known relation:
'.102 = b[CaOz - CVOZ] . (n

where 6 is muscle bloodflow and Ca0, and Cv0, are 0, contents of Inflowing

and effluent muscle caplllary blood respectively.

Subsequent diffusion from the capiliary to the mitochondrion can simply

be expressed as

VOZ = DOz [Pv0; = Ppito2] (2)

where DO, Is some lumped parameter value of total conductance ("diffusing

capacity™) for 0O, over the complex pathway from the hemogiobin molecule In

the red cell al! the way to the mitochondrial site of utilization,

We will further assume that at vozmaxv mitochondrial PO, Is sufficiently

low that 1t can be neglected, an assumptlon that appears reasonable (8).
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! Equation (2) then becomes ',,:': :
' \‘-*"\
E - \f_\.
' . Syl SR
) Vo, = DOy Pv0, (3 %‘-}
., .
I .
! Under steady state conditlons, equations (I) and (3) must reflect the same 5:-}'::.
‘-: :\_-‘.::
> quantities of 0, being dellvered per unit time. This mass conservation ;',;j-:‘_:.:
x AR
principle then {eads to: P’
] =
E: VO, = (Q[cCa0, - Cv0,] = D02 -Pv0, :-:_’-:’
5 o
o NS
E: Flgure 2 plots VO, both from equation (1) and equation (3) as a function of ool
: effluent venous PO,. For equation (1), as Pv0, Increases from 0 fo Its ‘:J:-':t
A : =
;: hypothetical maximum value of Inflowing arterial P02, VO, wlll progressively :'_f,:
:: fall towards zero. The relationship will be approximately |lnear because in ..-"'C
i the normal range of Pv0, at ‘.’OZmax: PO, Is on the steep, almost |lnear part :
) of the 0, Hb dissocfiation curve. For equation (3), the relationshlp between
\702 and Pv0, is quite the opposite of that in equation (1): It Is a straight .-:
l1ne through the origin whose slope Is the numerical value of the tissue 02 't.:
S
conductance term DO, In equation (3). In words, the higher the effluent
venous PO, (for a glven bloodflow and arterial 0, content), the lower will be r:;'-::‘_-'
V0, calculated by Fick principle and the higher will be V0, calculated by
Fick's law of diffusion. \
Ihe point of intersection glves Y.Qme. Thus, at any lower Pv0,, the r .
.-_‘.'_;.-
Fick principle would allow a greater V0, through greater extraction, but this ',:;-3'\-31'
Lo .:,‘
could not In fact be reallzed because any lower Pv0, could not support -',';-ﬁs:.:
:"f:'_",'\-"q
transport of 0, by diffusion from the caplllary to the mitochondrion. Any :‘ﬁr\
higher PvO, (than at the point of Intersection of the two Iines of figure 2) bf.—:j:;
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could support a higher 902 In terms of tissue diffusion but such a higher V0,

T,

N

would not occur because the higher PvO, must per se be assoclated (equation

T

(1)) with a lower actual VO,

Figure 2 lends Itself to further analysis, At any other muscle

LS AR

bloodfliow, similar geometrlc expressions of equatlons (1) and (3) could be

A il
s
Py

A

drawn, or alternatively for a given muscle bloodflow and arterial 0, content,

the relationships can be constructed for a muscle whose 0, diffusive

?‘7l-,:{

conductance (DOZ) Is different.

,‘.

For a different bloodflow (but unchanged arterial 02 content and DO,),

-
[
XN,

'L

effluent muscle PO, and VOZmax would both change In the same dlirection as

muscle bloodflow. Furthermore, the relationship between PVOZ and 9°2max will

remaln constralned by the same equation (equation (3)) as long as DO, Is not

altered by bloodflow. I+ is also easy to see how a-change In arterial 0,

content will have qualitatively the same effect on Pv0, and °02max as will a

change In muscle bloodflow (equation (3)).
The relationship between PvO, and VOpmax Would be altered differently If

002 were to Increase. An Increase In VOZmax would be possible (at constant

cardiac output and arterial 0, content) while at the same time, Pv0, would

Figure 3 shows an extension of figure 2 to Include a consideration of z&g%
the effects of high altitude exposure causing a reduction In CaOp- In Si;i
particular, 1t shows the Ilnear relationship to be expected between VOZmax iiig
and Pv0, at different altitudes. The majJor assumption of figure 3 Is lack of Eig;g
change In DO, with altitude. ‘
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ExamInatlon of experimental data. The hypothesis of tissue diffusion
’: limitation of VOZmax was developed In retrospect after examinling data from
o :
< two studles In which PV0, at or near VOpnay ¥as measured In 15 normal
subjects (15,16). The purpose of these two studles was to examine
-
:’ pulmonary gas exchange rather than peripheral tissue events, and so the
S
“E experimental design was not specifically formulated to test the hypothesls of
- peripheral tissue diffusion |imitation, These studies have been described In -
N X
:ﬁ detall and all that Is needed from them are the values of mixed venous PO, el
¢ <.
~5 s
23 and VOZmax In each subject at each exerclse level. In both studies, n::
. .
: simultaneous measurements of V0, and PV0, were made at rest and at several o
g 5-'\
~ levels of steady state exercise up to 80-90% of VO pay» DOth at sea level and ;E:
-_' 15':-"
- several simulated altitudes. e
f; The first study (8 subjects) was an acute i-day exposure to altitude :'
i: (PB=429 torr and 523 torr or 15,000 feet and 10,000 feet equivalent altitudes -
~7
:2 respectli+~ly), |t was done at Duke University In late 1983 (16). The second
. (7 subjects), referred to as Operation Everest |1 (OE 1) (15), Involved
? gradual simulated ascent to PB=240 torr equivalent In PIO2 to the summit of
iﬂ Mount Everest. In that study, data pertinent to the current paper were
_' obtalned at sea level and pressures of 347, 282 and 240 torr equlvalent to
~
ji 20,000, 25,000 and 29,000 feet above sea level (6096, 7620 and 8840 meters
;E respectively). The relevant data appear In Tables 1| and 1II.
. In both cases, mixed venous PO, was measured In blood samples drawn from
’.
jt an Indwelllng pulmonary artery catheter usling conventional blood:gas
'.‘
'*:: electrodes. Oxygen uptake was measured by expired gas analysls using elther
Jl
” a dry gas meter (15) or a Tissot splrometer (16) for ventilation and a mass
-~ ]
2 :
v
o~ w0
~7
7
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spectrometer (15) or gas chromatograph (16) for mixed explred O, and CO2

%
Y
XN

K
K
»

A A

concentrations. Close attention was pald to ensuring steady state conditions

': 'i' ‘-.

X

at all exerclse loads which were set to achieve 902 values of 80-90% of

r
s

V0, nax (15) or a heart rate of about 175 min™! (16). Only In OE 11 was true .

VOymax Measured (15), and mixed venous PO, could thus be extrapolated to that

val ue. VOZmax was obtalned on a separate occasion from when PV0, was

measured (but at each altitude In which the studies measuring PV0, were e
conducted). In the acute altlitude exposure study, given the high heart rates ﬁ
and lack of formal VOopax measurement, we have used the data assuming that at 553
each altltude, the actual greatest VOZ achieved was a constant fraction of ﬂ:?ﬁ

true VOZmax‘ Except for two speciflc occaslions (Table |), we suggest that
this 1s reasonable based on heart rate data and that any deviation from this

assumption Is probably a small random factor., If thls assumption is true,

- o Ca

ITnearity of the relationship between PvOZ and greatest VOopmax Would still be Sg%ﬁ

LA

expected although the slope of that relationship would not reflect the true %&gi

value of DO,: this estimate of tissue DO, would be systematically low, close !;;u

T

to the same percentage as was the actual highest V0, to VOynay (different by :éfg
about 8%, Table ). Two speciflc measurements were not used (Table [) ff;f

because of clear-cut evidence of fallure to achleve near-maxIimal heart rates. E?:?

These were the PB=429 torr studles In subjects ML and DM.

RESULTS <. -
Figures 4 and 5 present the entire set of relationships between measured if}i

.:\'J'\'.

mixed venous PO, and measured Voz for both studles. Fligure 4 represents A

acute altitude exposure while figure 5 refers to OE Il. |In figure 5 the




measured relationships are extrapolated to the Independently measured values

of V°2max- Such extrapolations were done by hand and are seen to be

generaily of minor proportions.

_...
‘;’\f
ol

It Is remarkable that In all subjects the data Ile close to a straight

1ine through the orligin. Whlle all data In figure 4 fit+ the hypothesis well,

<+

)

.
AL
kO

flgure 5 shows a curlous systematic difference. The data at sea level,
PB=347 torr and PB=282 torr fit extremely well, but thls Is not the case at
the "summit" (PB=240 torr) In all 4 sublects In whom measurements were
possible.

Figures 4 and 5 also show that the slopes of the PVOZ/VQZmax
relationships vary consliderably amongst the subjects of both studles. It Is
evident that those subjects with the lowest slopes (highest "DO,") also have
the highest VOppmax values. Even though "™D0," Is determined by the ratio of
vo2max to minimum PV0,, fligures 4 and 5 indicate that there need not be any a
priorl relationship between "D0," and VoZmax. Thus It might have transpired,

for example, that because of a lower cardlac output, VOZmax may have been
lower but DOp could stii! have remalned high, Figure 6 shows the
relationship between "DO," and VO pmax (OF greatest VO, reached for the
subJects of figure 4) and while Y0,pa, d0es appear on both axes, there need
not be such a clear relationship as figure 6 shows, as was argued above,

A more Independent palr of variables Is plotted In flgure 7 to show the
relatlionship between mixed venous P02 (at V°2max) and V°2max amongst al |l
subjects at sea level. There Is a clear correlation (r=0.62) between the
two, such that a higher v°2max for any given subject Is associated with a

lower mixed venous POy-
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DISCUSSION

Assumptions. In consldering the merits of thls paper and its central
hypothesls of tissue diffusion |imitation of 9°2max' it should be remembered
that the reported data were obtained before the hypothesis was ever
concelved. Consequently, there are many assumptions and Implications that,
if not acceptable, may well refute the concept, and these should be presented
to provide a foundation for any future work In this area. Perhaps the most
Important assumption Is that of proportionality between mixed venous and
effluent muscle capiliary PO,. Note that equlvalence Is not necessary
(because of Fick's law requiring that the v°2max/PV°2 relationship pass
fhﬁbugh the orlgin). Further, proportionality Is required only at VOZmax' at
which VOZ the hypothesis Is directed. We feel that the assumption Is
reasonable because of the extremely high cardiac output under most of the
conditions that provided data for figures 4 and 5. Thus, cardlac output at
VOZmax was about 24 L/min throughout the acute altltude project (16) and at
sea level, PB=347 and 282 torr, also in excess of 20 L/min In OE Il. |In
fact, one possible exp(anaflon of the anomalous result at the summit (PB=240
torr) In OE || may be that because v°2max is low, so Is cardiac output.
While about 80-90% of the cardlac output of >20 L/min at sea level and
intermediate altitudes must be perfusing exerclsing muscle, a consliderably
lower fraction will be devoted to muscle at the lower cardliac ouput on the
"summI+", Thus the blood returning from all tlssues other than muscle
contaminates returning muscle blood only to approximately 10-20%, except on
the summlt where the contamination was probably greater (assuming 4 L/mln

perfusing non-exercising tissues).
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Perhaps the most direct and feasible approach to testing the assumption
of proportional ity between mixed venous and effluent muscle venous PO2 would
be to sample femoral venous and mixed venous blood simultaneously under all
of the condltions of our studles. The |iterature was surprisingly found not
to contaln data of this type, and future evaluation of the dlffusion
limitation hypothesls must clearly examine femoral venous POZ, even [f some
of that blood Is derived from skin perfuston,

A second assumption Is that in the acute altitude studies (figure 4)
subJects reached a more or less constant fraction of VOymax 81 the highest
workload during which data were obtained at each altitude. Agaln, because of
Fick's law of diffusion, a constant fraction of rather than equlivalence to
v°2max Is sufficient. Evidence supporting this assumption and also
Indicating how close each subject was to VOZmax (af‘sea level) came from
heart rate data (Table 1) where the mean was 17747 SD. V0, . was est!mated
tor each subject at sea level (Table 1) and the highest measured VO, values
expressed as a percentage of thls estimate average 93+7 SD. Finally, heart
rates at sea level, 10,000 feet and 15,000 feet averaged 177, |77 and |74
min-! respectively (excluding at 15,000 feet 2 subjects (ML and DM) who
clearly did not reach heart rates close to thelr prior values at sea level or
10,000 feet)., Taken together, these data support the use of these values as
belng very close to those expected at VOpmax:

A third assumption pertalns to steady state conditions necessary for
equivalence of equations (1) and (3) In expressing V0,. In all subjects from
both studies the data for this analysls were collected between the 3rd and

6th minutes of exerclse at the heaviest workloads and between 5 and 10
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! minutes of exerclse at |lighter loads. Over these time periods, respliratory ‘::.:E:
E§ frequency, minute ventllation and heart rate were all constant to 5%, and :';EE;
% thus for the purposes of this analysis, a sufficiently steady state existed. ;,'.E,{
E Twenty second averages of 70, obtalned from explred gas analysis by computer ?_:i:
(Y . "u."-
- In OE Il (12) showed no systematic variation in VO, during these time ;‘.-;:j:-_.
periods. End-tidal PO, and PCO, signals were constant to +5§ In the subjects A
from the acute aititude exposure study (16), but not measured In OE 1I. T
A fourth assumption Is that mitochondrial PO, is sufficliently close to
zero that it can be neglected In equation (3). This Is supported by data in
the Ilterature (8). E“E‘-‘
Finally, an Impliclit assumption of the foregoing analysls (but certalnly E‘}_{‘:
not necessary for the hypothesis of tissue dlffusion limitation itself) Is F:;"
that the effective diffuslve conductance, DO, of equation (3), Is constant ":“_
for any one subject amongst the various altitudes. It Is certalnly ._._:
concelvable that acute altltude exposure (hypoxia) could alter vascular tone :::
and thus potentlally alter intercapillary distances and hence resuit In '_‘f,'
different "D0," values from those at sea level. While this can probably be :3;‘4
examined only by direct morphometric measurement at varlious altitudes, it Is re
unlikely to be a factor at ¥0,,... We feel It more reasonable that at T
VOomax» Irrespective of amblent PO,, all working muscle vessels are fully r:‘
dilated. An Interesting issue does arise, however, for the subjects in OE |1 ;::
where extreme altitude was attained gradually over 40 days (I15). [t Is r
possible that structural tissue adaptations such as reduction In muscle fiber _.
slze (2) and/or Increased capiliarity (i3) occur to reduce Intercapillary !(\
distances. The experiments performed In OE || do not directly address this f';
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issue In a form pertinent to the current analysls: the best way to examine
this possibility would be to study the same subjects (along the llnes of this
analysls) both after acute and after chronic altitude exposure. Tlssue
adaptation would be expected to result in an Increased value for "002" (l.e.
a higher ¥0ypay at @ lower caplllary PO,), and this could be directly tested
by such an experiment. Untll then, such conslderatlons must remaln
speculative,

Alternative hypotheses. The observation that at V0,.. mixed venous PO,
(and presumably effluent muscle venous PQp) Is consliderably lower at altitude
than at sea level (Tables | and 11) despite much higher values of VOonmax at
sea level Is difflcult to explain other than by the hypothesis of this paper.
One possible alternative Is that blochemical utlillization of 02 Is truly at
its maximum at sea level, and that additlonal 0y, even If avallable could not
be used., Evidence agalinst this explanation comes from reported Increases In
VQZmax while breathing elevated 0, concentrations. This controversial area
was reviewed by Welch (17) and despite difficulties of a technical nature In
measuring Voz breathing high 0, concentrations, 14 of I5 published studles
reported an Increase In Vozmax of 2-19¢ breathing gases of FI0, of 0.33 to
1.00 at sea level and also In hyperbaric studles. Further evidence agalnst a
bfochemical Iimit to sea level VOZmax comes from studles In which hemogiobin
concentration Is acutely altered (4,7,14,20), whereby VOppnax !ncreases and
decreases In the same direction as hemoglobin levels.

The possibility that effluent muscle venous PO, Is higher at sea level
because of 0, diffusion disequilibrium In the muscle capillary during

unloading appears to require a reduced transit time as Its basls. That
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cardlac output was no higher at VOopay 2t sea level compared to altitude In

our subjects with acute altitude exposure (16) argues against this

SR s S S S-S LEER D DT T Tl LT T

hypothesis.
s Data at the simulated summit of Mount Everest. Figures 4 and 5 are
C:_: : remarkable for thelr consistency with the diffusion |Imitation hypothesis,
N
\J
i except at PB=240 (Everest summit P10,) In the OE Il experiment. |t Is
" difficult to explain the discrepancy. Maximum mean measured cardiac output

In subjects 1,3 and 4 was 17.3 L/min at PB=282 and 18.0 L/min at PB=240.
‘.’°2max for those three subjects at these altitudes were 1.86 L/min and 1.07
L/min respectlvely. One explanation could be that the subjects were not

truly at ‘.’°2max on the summit, The conditions were rather hectic and

ensuring as good qual ity of measurement as at lower altitudes had to come ‘\1
second to concerns for the subjects' safety and comfort. Another possibllity (_Ej
Is some other dominant factor limiting performance at the summit (e.g. }?‘3
central nervous system Influences unrelated to metabolic varlables such as ,\,\J
PO5). While no clear answer can presently be given, the bulk of the E::
measurements In the I5 subjects of both studies stilil fit the diffusion "‘:—\'J
Iimitation hypothesis and further measurements under extreme hypoxia will be :::4
‘required to resolve the discrepancy on the summit, ‘_
D

Limitation of iQmes at sea level and simulated altitude. As stated In ;"‘5

the Introduction, most physiologists appear to have concluded that O; ';
dellvery 1Is the principal factor !imiting ‘.'OZmax at sea level (4,11), while 2
at altitude, pulmonary diffusion |imitation becomes the critical factor “
(6,18). ,"
N
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This paper proposes a somewhat different view of what {imits 0°2max'
The central factor at any altitude is the capaclty to transport 02 by
diffusion from the muscle capillary to the mitochondrion. The secondary
factor Is 02 dellvery (which is Itselt the product of the three princlpal
terms: cardiac output, hemoglobin concentration and arterial 0, saturation
(Ignoring dissolved 0,)), We propose that at any value of 0, delivery,
VOomax s !Imited by tissue diffusion of O, from the red cell to the
mitochondrial site of utillzation. Speciflcally (as shown In figure 2),
Vozmax Is determined by the balance between what can be unloaded from blood
as described by the Fick principle, and what can subsequentiy be transported
to the mitochondrion by diffusion,

Any event that Increases 0, dellvery (increased cardiac output,
hemoglobln concentration or arterlal 0, saturation/P0O2) will Increase Vozmax-
Equations (1) and (3) can be equated and solved to predict Just how mcuh
Increase In VOomax IS to be expected from a glven change In 0p dellvery,

Finally, the relationship between 0, dellvery, VOymax and effluent
venous PO, can be altered by functlional and/or structural tlssue adaptations

to, for example, exerclse or chronic altitude exposure. Such alterations In

"DO," would alter 9°2max for a given 0y dellvery In ways predictable from

equations (1) and (3).

Extension to the concept of critical PO,, In concept, the hypothesls of
this paper fits the observation of a critical PO, (In the resting state)
above which 902 Is Independent of 0, dellvery and below which 902 Is
proportional to 0p del lvery (5) as shown in figure 8. Suppose In reference

to figure 8 a particuiar value of tlssue DOz exlsts, thus leading to the line

°y ",‘l,",‘h .,
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through the orligin having positive slope and describing Fick's law of
diffusion (compare figure 2). Also In figure 8, a nubmer of Ilnes of
negative slopes are drawn expressing V0, by the Fick principle as a function
of venous PO,, Each |lne represents the allocation of a different cardlac
output but constant Ca0,. Assume resting VO, Is as marked by the dashed
hortzontal line, Where that dashed |Ine Intersects the DOZ x Pv0p Ilne,
ylelds the critical PV0,: at higher PV0, values (occurring with higher
cardiac output values) diffusional transport is more than sufficient to
accomodate resting V0,. However, below critical PV0,, diffusional transport

capablllty Is less than resting V0, and so actual VO, (solld circles) must

fall (and Ile along the DO, x PV0p Ilne) as PV0, falls due fo further
reductions in cardlac output, This analysis Is compatible with the work of 'r';
Wiliford et al. (19) and extends the hypothesls from VOymax down to resting EZiE
condltlions. EEZE

ol

Euture applications. Should the tlssue diffusion |Imltation hypothesls
be borne out by future work, diagrams such as figures |, 4 and 5 might be
useful In analyzing adaptation to exercise or altitude. One could envisage
determining the V°2max/PV°2 relationship prior to, and several weeks after an

exercise tralning program, or a sojourn at altitude. In each case, this

relatlionshlp requires measuring mixed venous or femoral PO, at VOZmax at sea BN
[y ‘
level and at perhaps two values of reduced Inspired PO, Possible outcomes T
and thelr interpretation are glven In flgure 9, One possible response of a :fﬁi
subject after exercise training might be to move further up the original jkﬁ
S '
VQZmax/pVQZ relationship (to polnt A, figure 9 from the starting point 0), §§3
o
A
e
.-
1'::'»"::
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which would be Interpreted as an Improvement In VOppax Produced by augmented
02 del ivery but wlthout change in effective dlffusing conductance for 0, at
the tissues. Another alternative might be to move from point 0 to polnt B on
2 new D0,/PV0, line. The necesary Inference Is that VOppmax Was enhanced by a
combination of Increased 0 delivery and Increased tlssue conductance. Yet
another possibllity Is movement from O to C, and this would reflect an
Increase In tissue conductance with no augmentation of 0, delivery. In all
three cases In this speclfic |llustration, v°2max has been increased by the

same amount, and It becomes possible to determine the IndivIdual

contributions of 0, delivery and of tissue conductance to such increases.
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EZ TABLE I. Acute altitude exposure. (Duke University study) Lfai
: RS
" * g "’"i

; Sea level,n=8 Pg=523, torr n=8 Pg=429, torr n=6 R

- Predicted Highest Lowest Highest Highest Lowest Highest Highest Lowest Highest ...

VO02max 07 PV0, Hr.] 07 P¥0, Hr., V0, PY0, Hr., .o

Subject L/min L/min torr min~ L/min torr min~ L/min torr min~] o
ML 4.88 3.91 21 165 2.7 18 162 (1.25)°  (20)*  (133) I
36 3.17 2.89 24 183 2.42 21 190 1.75 16 176 i
BS 4.55 4.59 20 177 3.20 17 171 2.66 13 170 .. A
DM 2.54 2.20 27 170 1.50 21 163 (0.91)*  (18)"  (1s4) I
RR 3.62 3.4 20 185 2.94 17 190 2.44 14 181 i
P AP,

LM 2.08 2.08 21 173 213 16 181 1.35 14 168 4
TR 3.51 3.49 23 183 3.31 20 185 2.16 17 174 £y
KS 3.60  3.16 15 182 2.68 13 173 2.26 9 172 i
Mean 3.49  3.22  21.4 177 2.62 17.9 177 2.0 13.8 174
s 0.93 0.84 3.5 7 0.59 2.7 11 0.48 2.8 5 if%ﬁ
o

ot

* o
Data not used because of low heart rates suggesting failure to achieve VO2max.
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FIGURE LEGENDS

Elgure 1. Relationship between measured mixed venous PO, and measured oxygen

uptake at sea level and altitude (Pg=347 torr). Closed clircles represent

submaximal data and open circles extrapolations to measured maximum VOZ. At

max imum Voz, mixed venous PO, Is much less at altitude than at sea level, and

both points |le on a stralght Iine through the origin, the significance of

which is explained In the text.

Eigure 2. Graphical analysis of the relationship between convectlve

unloading of oxygen from the muscle caplllary (Fick principle) and

‘diffusional transport of oxygen from the red cell to the mitochondrion

(expressed by Fick's law of diffusion). These two expressions for oxygen

.

transport can be represented by essentlially straight lines on a diagram
relating oxygen uptake to effluent muscle capiliary PO,. The line with a
negative slope expresses the Fick principle, while that with a positive
slope, Flck's law. The polnt of Intersection determines maximum 902 as
explalned In the text. At VO,n.., mitochondrial PO, Is assumed to be

sufficiently close to zero as to be negliglble for the purposes of this

analysls.

Elgure 3. Extension of the relationship between the Fick principle and

Flck's law to conditions of altitude as well at sea level. The principle

effect of altitude is to reduce arterlal oxygen concentration which reduces

the ordinate Intercept of the Flick principle |ine as shown., For the same

"DOZ"' the polint of Intersection of the Flick principle and Fick law I(lnes Is
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r lower at altitude than at sea level. It Is evident that one would expect a e
A .-".‘:‘
1 Ilnear relationshlp through the origin between maxImum oxygen uptake and ;:-.::«'
lf..’.l
effluent musclie caplllary PO, b
- Elgure 4. Data for 8 subjects showing the relatlonship between measured 1‘:-1:?1
A A
- mixed venous PO, and measured oxygen uptake obtalned during acute altitude —
~ .
[
o) exposure In the Duke University study referred to In the text. Data reflect -_}:'_'.-
) sea level conditions (SL) and barometric pressures of 523 and 428 torr. :E:';.-
s‘:\':
Small solld circles are data at submaximal work rates, while the large P
: symbols reflect the highest work rates and lowest mixed venous PO, values Z._j'-':j
\ achleved. As shown In Table |, these reflect greater than 90% of predicted :I:_;:'.-‘:
v
VOomax ON average., Notlce that for each subject the data lie close to a line L
w
’ through the origin. Notlce also that the slope of this Ilne varles greatly .;f:::}_
4 o
£ * \_q.
v amongst different subjects, reflecting different values of apparent tissue ~f~‘_;.-:
5 LN
diffusing capaclty. T
: Elgure 5. Simllar plots to those in figure 4 for chronic altitude exposure .-:_‘:T:'.j
. as observed In Operatlon Everest 11 (OE 11). Data are shown for sea level, ..,.,.,,
_: and barometric pressures of 347, 282 and 240 torr. Except at 240 torr, the 'L-;'}'.Ej
; relationshlp between mixed venous PO, and oxygen uptake at maxImum \'102 Is E;Z::‘_I
) AV
Ilnear as In figure 4. Agaln, the slopes of the |lInear relationship vary | o
A
X amongst the 7 subjects, Indlicating different levels of tissue diffusing ;:-::
- ,\:,\
2 capacity. o
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Flgure 6. Relationship between maximum VOZ and the calculated tissuve
diffusing capacity for both the acute (Duke) and chronic (OE 11) altitude
exposure studles. A good correlation is seen, and there Is no dlfference
between acute and chronlc exposure apparent. Thls flgure shows that subjects

with a higher maximum oxygen consumption also have a higher tissue diffusing

capaclty.

Elgure 7. Relationship between maximum VO, at sea level and mixed venous PO,
at maximum Voz for the subjects from OE |1 (solld circles). Open clircles

rel fect the Duke data which were obtained at an average of 93¢ of v°2max-
Although the relatlonshlp Is not strong, those subjects with a higher V°2max

had a lower mixed venous PO,, There was no apparent dlfference in this

relationship between the two studies.

Elgure 8. Theoretical explanation for the concept of the critical P02, based
on the same hypothesis as used to explaln maxImum oxygen consumption. As
explained more fully In the text, at venous POZ's (and thus oxygen

del Iveries) above the critical P0p, tissue diffusing capacity Is more than

-sufficient to meet the demands of resting VOZ. Below the critical P05,

tissue diffusing capaclty Is Insufficient to delliver the oxygen requlired by
resting metabollsm (horizontal dashed !ine) and thus actual oxygen uptake
must fall along the diffusing capaclity llne. The sequence of solld
circles shows the relationship between actual 902 and venous PO, as oxygen

del lvery Is progressively reduced from right fo left. Thus, the diffusion

ITmitation hypotheslis of voZmax can also be used to explaln the development
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of a critical PO, when oxygen dellvery Is reduced at rest.

Eigure 9. Hypothetical analysls of the effects of exercise training. The
dlagram relating oxygen uptake and venous PO, used throughout thls paper Is
again shown, and It Is suggested that it can be used to analyze the
improvement In maximum Voz afforded by training. |f a subject prior to
training has 8 maximum oxygen uptake and mixed venous P02 indicated by polint
0, points A, B and C show three different ways in which a given Increment In
maxImum oxygen uptake could be achleved.

Polnt A comes about with no change In tissue diffusing capaclty, and
only an augmentation In oxygen dellvery., Polnt C represents the converse,
namely, an increase In tlssue diffusing capacity and no Increase In oxygen
dellvery., Point B represents necessarily a combination of an Increase In
both tissue diffusing capacity and oxygen delivery. By assessing maximum
oxygen uptake and mixed venous PO, before and after tralning, It should be
possible to partition the Improvement In oxygen uptake quantitatively into

that component due to Improvement In tissue diffusion capability and that due

to augmented oxygen del Ivery,
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Relationship between measured mixed venous PO; and measured oxygen uptake

at sea level and altitude (Pp=347 torr). Closed circles represent submaximal
data and open circlés extrapolations to measured maximum VO,. At maximum VOp,
mixed venous PO is much less at altitude than at sea level, and both points

«
lie on a straight line through the origin, the significance of which is oy
explained in the text. R
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MUSCLE
< il cell .
2 capilary o L @lcaoz-cvoz]
r_ a0 §
| b .
G2 Q =] V02 MAX
Ny + P z
%4 diffusion |, fomito2 a L~ 505 x Pvo2
~o 02 $
~
we : : x
Vo2 = @ [Ca02 - CcvO2] o
V02 = D02 [pPvO2 - Pmit02) 0 anterial
= DO2 x PvO2 MUSCLE VENOUS PO2 (PvO2)
FIGURE 2. )

Graphical analysis of the relationship between convective unloading of
oxygen from the muscle capillary (Fick principle) and diffusional transvort
of oxygen from the red cell to the mitochondrion (expressed by Fick's law

of diffusion). These two expressions for oxygen transport can be represented
by essentially straight lines on a diagram relating oxygen uptake to effluent
muscle capillary PO2. The line with a negative slope expresses the Fick
principle, while that with a positive slope, Fick's law. The point of
intersection determines maximum VO as explained in the text. At VOsmax,
mitochondrial PO; is assumed to be sufficiently close to zero as to be
negligible for the purposes of this analysis,
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& [ca02 - cvoz2]
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z | %%, DG2 x PvO2
ti; 62%5 <F-\\\\\
o VO2 MAX
O .
0 N arterial”

MUSCLE VENOUS PO2 (PvO2)

FIGURE 3.

Extension of the relationship between the Fick principle and Fick's law to
conditions of altitude as well at sea level. The principle effect of altitude
is to reduce arterial oxgyen concentration which reduces the ordinate interceot
of the Fick principle line as shown. For the same "DO;", the point of inter-
section of the Fick principle and Fick law lines is lower at altitude than at
sea level. It is evident that one would expect a linear relationship through
the origin between maximum oxygen uptake and effluent muscle capillary PO3.
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i FIGURE 4,

Data for 8 subjects showing the relationship between measured mixed venous PO,
and measured oxygen uptake obtained during acute altitude exposure in the Duke
University study referred to in the text. Data reflect sea level conditions
(SL) and barometric pressures of 523 and 428 torr. Small solid circles are
data at submaximal work rates, while the large symbols reflect the highest work
rates and lowest mixed venous PO values achieved. As shown in Table I, these
reflect greater than 90% of predicted VOmax on average, Notice that for each
subject the data lie close to a line through the origin. Notice also that the
s!ope of this line varies greatly amongst different subjects, reflecting
different values of apparent tissue diffusing capacity. )
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s Similar plots to those af figure 4 for chronic altitude exposure as observed
P . . .
o in Operation Everest II (OE II). Data are shown for sea level, and barometric
N pressures of 347, 282 and 240 torr. Except at 240 torr, the relationship
' between mixed venous PO and oxygen uptake at maximum VO; is linear as in
o figure 4. Again, the slopes of the linear relationship vary amongst the 7
" subjects, indicating different levels of tissue diffusing capacity.
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Relationship between maximum VOZ and the calculated tissue diffusing capacity
for both the acute (Duke) and chronic (OE II) altitude exposure studies. A
good correlatin is seen, and there is no difference between acute and chronic
exposure apparent. This figure shows that subjects with a higher maximum
oxygen consumption also have a higher tissue diffusing capacity.
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Relationship between maximum VO, at sea level and mixed venous PO, at
maximum VO for the subjects from OE II (solid circles). Open circles
reflect the Duke data which were obtained at an average of 93% of VOypax.
Although the relationship is not strong, those subjects with a higher

Vozmax had a lower mixed venous 502. There was no apparent difference in
this relationship between the two studies.
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critical
PO2
VENOUS PO2

FIGURE 8.

Theoretical explanation for the concept of the critical POy, based on the

same hypothesis as used to explain maximum oxygen consumption. As explained
more fully in the text, at venous PO,'s (and thus oxygen deliveries) above

the critical PO2, tissue diffusing capacity is more than sufficient to meet §
the demands of resting VO;. Below the critical PO ,» tissue diffusing capacity
is insufficient to deliver the oxygen required by resting metabolism (horizontal
dashed line) and thus actual oxygen uptake must fall along the diffusing
capacity line. The sequence of solid circles shows the relationship
between actual VO, and venous PO, as oxygen delivery is progressively reduced
from right to left. Thus, the diffusion limitation hypothesis of VOopax can

also be used to explain the development of a critical POy when oxygen delivery
is reduced at rest.
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ekl

Hypothetical analysis of the effects of exercise training. The diagram :i;C
relating oxygen uptake and venous PO, used throughout this paper is again NN
shown, and it is suggested that it can be used to analyze the improvement :3?;
in maximum VO, afforded by training. If a subject prior to training has a S0
maximum oxygen uptake and mixed venous POz is indicated by point O, points Sy

A, B and C show three different ways in which a given increment in maximum
oxygen uptake could be achieved.

Point A comes about with no change in tissue diffusing capacity, and only an
augmentation in oxygen delivery. Point C represents the converse, namely,
an increase in tissue diffusing capacity and no increase in oxygen delivery.

Point B represents necessarily a combination of an increase in both tissue
diffusing cavacity and oxygen delivery. By assessing maximum oxygen uptake
and mixed venous PO before and after training, it should be possible to
partition the improvement in oxygen uptake quantitatively into that component

due to improvement in tissue diffusion capability and that due to augmented
oxygen delivery,
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